We have identified and characterized a spontaneous Brown Norway from Janvier rat strain (BN-J
Introduction
Retinal Müller glial (RMG) cells span the entire thickness of the retina and establish links between retinal blood vessels and photoreceptors, providing nutritional support, removing metabolic waste, and maintaining homeostasis of extracellular medium . RMG cells intervene in the formation and maintenance of the inner blood-retinal barrier (Tout et al., 1993; Tretiach et al., 2005) and connect to photoreceptors with adherens and tight-like junctions at the outer limiting membrane (OLM) (Omri et al., 2010) . It was recently suggested that RMG cells may play a role in the development of diabetic retinopathy (Fletcher et al., 2005; and macular telangiectasia type 2 (MacTel 2; Powner et al., 2010) .
MacTel 2 is a progressive retinal disease characterized by vascular abnormalities, depletion of macular luteal pigment, and cystic cavities with focal disorganization of retinal lamination (Yannuzzi et al., 2006) . Photoreceptor degeneration is associated with visual impairment (Ooto et al., 2011) . In vivo optical coherence tomography further showed OLM defects associated with photoreceptor disruption . Loss of RMG markers and reduction of RMGassociated proteins in the macula have been revealed on MacTel 2 retinas, providing evidences on the role of RMG in the disease pathogenesis (Powner et al., 2010; Len et al., 2012).
During retinal development, RMG cells are required for photoreceptor outer segment assembly (Jablonski and Iannaccone, 2000; Wang et al., 2005) and, in the postnatal period, genetic RMG destruction led to retinal dysplasia and retinal degeneration (Dubois-Dauphin et al., 2000) . Conversely, RMG proliferation in mice lacking the cell cycle inhibitor protein p27
Kip1 also induced retinal dysplasia, OLM disruption, and leaky vascular dilation (Dyer and Cepko, 2000) .
The Crumbs (CRB) proteins, particularly CRB1, located in the subapical region above the OLM, form a molecular scaffold with Pals1 and Patj and interact with the Par6/Par3/aPKC complex and with ␤-catenin (Alves et al., 2014) . CRB1, expressed in mammalian RMG cells, is essential for OLM formation and for photoreceptor morphogenesis (Mehalow et al., 2003; van de Pavert et al., 2004) . Interestingly, crb1 mutations lead to retinal degenerations that are potentially associated with coats-like vascular telangiectasia (den Holländer et al., 2004; Henderson et al., 2011) .
This report describes a Brown Norway from Janvier rat strain (BN-J) that spontaneously develops progressive focal retinal layer disorganization, loss of photoreceptors, cystic cavitation, and RMG abnormalities associated with early retinal vascular telangiectasia and late stage subretinal neovascularization. This phenotype bears marked resemblance to the telangiectasia-like model obtained by specific RMG depletion (Shen et al., 2012) and reminiscent of human MacTel 2 (Charbel Issa et al., 2013) . A new mutation in exon 6 of the rat crb1 was identified to be responsible for this retinal phenotype. In addition, the full profile of genes differentially expressed in RMG cells extracted from the Crb1-mutated BN rat retina compared with two wild-type strains allowed identification of possible molecular targets. These data link CRB1-associated functions with rat retinal telangiectasia and possibly with human MacTel 2.
Materials and Methods
Animals. All experiments were performed in accordance with the European Communities Council Directive 86/609/EEC and approved by local ethical committees. BN rats obtained from Janvier Breeding Center (pathological BN-J rat) or Harlan Laboratories (wild-type BN-H rat) and Lewis rats from Janvier Breeding Center were used. Rats of either sex were used. Animals were kept in pathogen-free conditions with food, water, and litter and housed in a 12 h light/12 h dark cycle. For genetic analyses, four couples of pure parental strains (BN-H ϫ BN-J) were cross-bred, which resulted in an F1. Four F1 couples were then crossbred to produce an F2. Anesthesia was induced by intramuscular ketamine (40 mg/kg) and xylazine (4 mg/kg). Animals were killed by carbon dioxide inhalation.
Fluorescein angiography. BN-H and BN-J rats of different ages (8 weeks and 6 months, n ϭ 6 rats per time point) were used. Fluorescein (0.1 ml of 10% fluorescein in saline) was injected in the tail vein of anesthetized rats. In vivo angiography was performed with a confocal scanning laser ophthalmoscope (cSLO, HRA; Heidelberg Engineering). Images were collected at early and late time points.
Electroretinogram. Electroretinographic (ERG) analyses were performed on 3-week-old BN-H and BN-J rats (n ϭ 4 -5 per strain) using a VisioSystem device (Siem Biomedicale). Animals were dark adapted overnight. Scotopic ERG was performed in the dark with light intensities of flashes ranging from 0.0003 to 10 cd ⅐ s/m 2 . For each intensity, the average response to 5 flashes at a frequency of 0.5 Hz was recorded. Basic overall retinal responses were recorded after flashes at 0 dB intensity for 40 ms at a frequency of 0.5 Hz. Five responses were averaged. For photopic recordings, animals were light adapted for 10 min with a background light of 25 cd/m 2 and then the response after a single light flash of 10 cd ⅐ s/m 2 was recorded. Histology. BN-J and BN-H rats were killed [adults at 8 weeks and 6 months of age, n ϭ 4 rats per time point per strain, and postnatal day 1 (P1), P8, and P15, n ϭ 3 per time point and per strain], and eyes enucleated for histological analyses using historesine sections (5 m) stained with toluidine blue as described previously (Zhao et al., 2012) .
Semithin and ultrathin sections. Eyes from BN rats (8 weeks and 6 months of age, n ϭ 4 rats per time point and per strain) were fixed in 2.5% glutaraldehyde in cacodylate buffer (0.1 mol/L, pH7.4) and then dissected, postfixed in 1% osmium tetroxide in cacodylate buffer, and dehydrated in a graded series of alcohol before being included in epoxy resin. Semithin sections (1 m) were stained with toluidine blue. Ultrathin sections (80 nm) were contrasted by uranyl acetate and lead citrate and observed with a transmission electron microscope (TEM) and photographed.
Retinal flat-mounts. BN-H and BN-J rats at 8 weeks were killed (n ϭ 10 rats per strain). Rat flat-mounted retinas were prepared as described previously (Zhao et al., 2010) . The following primary antibodies were used: rabbit anti-glial fibrillary acidic protein (GFAP, 1:100; Dako), rabbit anti-glutamine synthetase (GS, 1:100; Sigma-Aldrich), and secondary antibody Alexa Fluor 594-conjugated goat anti-rabbit IgG (1:100; Invitrogen). Blood vessels were stained with FITC-labeled lectin from Bandeiraea simplicifolia (1:100; Sigma-Aldrich). Images were taken using a confocal laser scanning microscope Zeiss LSM 710 and analyzed using ImageJ.
Immunohistochemistry on cryosections. Eyes of 8-week-old BN rats (n ϭ 4 rats per strain) were used for cryosections. Cryostat sections were incubated with the following primary antibodies: mouse anti-CD31 (1: 100; BD Pharmingen), rabbit anti-GFAP (1:200), rabbit anti-GS (1:200), rabbit anti-cone arrestin (1:100; Millipore), mouse anti-rhodopsin (Rho4D2, 1:100; Abcam), mouse anti-protein kinase C-␣ (PKC-␣, 1:400; Santa Cruz Biotechnology), rabbit anti-synaptophysin (1:200; Abcam), rabbit anti-CRB1 (AK2, 1:150; van de Pavert et al., 2004) , and secondary antibodies: Alexa Fluor 488-or 594-conjugated goat anti-mouse IgG (1:200; Invitrogen) and Alexa Fluor 488-or 594-conjugated goat antirabbit IgG (1:200; Invitrogen). Cone photoreceptor segments were labeled with FITC-conjugated peanut agglutinin (PNA, 1:100; SigmaAldrich). Cell nuclei were stained with DAPI (1:3000; Sigma-Aldrich). Negative controls were performed without primary antibodies. Images were taken using a fluorescence microscope (BX51; Olympus).
In a separate experiment using five animals per strain, retinal sections at the level of the optic nerve head were obtained. RMG cells were stained using rabbit anti-GS and rabbit anti-cellular retinaldehyde-binding protein (CRALBP, 1:250, kind gift from John Saari, University of Washington, Seattle, WA), both RMG markers. RMG processes in the inner plexiform layer were counted on the entire retinal section. In addition, RMG cells were also counted using p27kip1 (1:100; Abcam), an RMG nuclear marker (Dyer and Cepko, 2000) . Cone-arrestin positive cells (cones) were also counted. Using ImageJ, rhodopsin-positive areas of rod outer segments were analyzed.
Statistics. Experimental results were analyzed by Mann-Whitney U test or two-way ANOVA using the GraphPad Prism5 program. A p-value of 0.05 or less was considered statistically significant. Data are presented graphically in figures as mean Ϯ SE.
RMG cell primary culture. RMG primary cultures were obtained from 3 consecutive P17 litters for each BN-H, BN-J, and Lewis rat strain. Animals were killed and eyes were enucleated. RMG cells were isolated as described previously (Zhao et al., 2010) .
RNA-sequencing and data analysis. Total RNA was extracted from primary RMG cells of the 3 rat strains (n ϭ 3 samples per strain) using an RNeasy Mini Kit (Qiagen) including DNase I (Qiagen) treatment. RNA integrity was checked on the Agilent 2100 Bioanalyzer. RNA sequencing was performed on Illumina HiSeq 2000 platform according to the manufacturer's instructions. The average number of reads per sample was 27 M. Reads from each sample were processed as follows. First, reads were trimmed using an in-house Perl script with a minimum phred quality of 20 per base and a minimum read length of 30 bp. On average, 24% of reads per sample were discarded. The resulting reads were later aligned to the Rattus norvegicus genome assembly 3.4 (from Ensembl) using Tophat (Trapnell et al., 2009) . Differential expression between BN-J and Lewis, BN-J and BN-H, and BN-H and Lewis was calculated using the Cuffdiff program from the Cufflinks suite (Trapnell et al., 2010) . Fold changes Ͼ1.5 and FDR-corrected p-values Ͻ0.05 were used as filters. The corre-sponding comparisons will be further reported as JL, JH, and HL, respectively.
Signaling pathways for Rattus norvegicus were retrieved from WikiPathways (Kelder et al., 2012) . Pathways with FDR-corrected p-values Ͻ 0.05 were selected as enriched. Pathvisio 2 (van Iersel et al., 2008) was used to visualize the pathways and map the values from each protein set.
Genetic analyses. DNA was extracted from rats' tails by proteinase K (0.5 mg/ml; catalog #P-2308; Sigma) digestion overnight at 56°C in lysis buffer (50 mM Tris-HCl, pH 8.0, 100 mM EDTA, 100 mM NaCl, 1% SDS) and then purified with the DNAzol kit (catalog #DN127; MRC) according to the manufacturer's protocol. Genomic DNA was then used as a template for PCRs targeting coding exons of the crb1 gene using 35 cycles (94°C 2 min; 59°C 30 s; 72°C 30 s). PCR products were subsequently cleaned using the ExoSAP-IT kit (catalog #78201; Affymetrix), sequenced by the Sanger method (BigDye Terminator v1.1, catalog #4337450; Applied Biosystems) according to standard procedures and finally purified on EDGE gel filtration cartridges (catalog #42453; EdgeBio) before injection into an ABI Prism 3100 Sequencer.
Results

Vascular abnormalities in BN-J rat
Retinal vessels were visualized in vivo by fluorescein angiography performed both on wild-type BN-H and pathological BN-J rats at young adult and older age (respectively, 8 weeks and 6 months of age). Digital images were taken at early (1-3 min) and later (10 min) time points after fluorescein injection. BN-H rats showed normal vascular aspect and circulatory filling ( Fig. 1 A, B) . In 8-week-old BN-J rats at early time points, very subtle capillary dilations could be observed (Fig. 1C, inset ) that became more visible at later time points as fluorescein leaked from the vascular telangiectasia (Fig. 1D, inset) . Eyes of older BN-J rats (6 months) presented similar but leaky capillary ectasia (Fig. 1 E, F , arrowheads of the same color indicate the same spot). Fluorescein angiography performed on younger BN-J rats (15 d of life) showed that sparse capillary ectasia was already present at this early age (data not shown).
On flat-mounted retinas stained with lectin, compared with BN-H rats (Fig. 1G,H) , BN-J rats exhibited nonhomogenous vascular diameter (Fig. 1I, arrows) , tortuous capillaries (Fig. 1I , arrowheads), and a global deep capillary network disorganization noted at different depth (some capillaries are seen underneath) (Fig. 1J) . Vascular telangiectasia were clearly observed in the inner nuclear layer (INL) deep plexus (inset in Fig. 1J, yellow arrow) .
Images of lectin-labeled flat-mounted retinas were correlated with the corresponding angiographic images showing that telangiectasia and leaky capillaries on angiography (Fig. 1K ) correspond with capillary tortuousness (Fig. 1L ) and focal capillaries ectasia on flat-mounted retinas (Fig. 1M , arrowheads of the same color indicate the same spot). Using CD-31 immunohistochemistry as an endothelial marker on flat-mounted retinas, endothelial cell discontinuity was found to be associated with nonhomogenous capillary diameter in BN-J rats, which may partially explain the leakage of fluorescein on angiography (data not shown).
Morphological retinal lesions in BN-J rats
On semithin sections of the BN-J retina, at 8 weeks of age, focal disorganization of both the outer nuclear layer (ONL) and INL with loss of the outer segments of photoreceptors (Fig. 2B , zones in dark circles) were observed. Intraretinal cysts (asterisks) formed in both the inner (Fig. 2C ) and the outer retina (Fig. 2D) . Interestingly, around these focal areas of retinal lamination loss, the gross retina structure appeared preserved, but vascular tortuosity and capillary telangiectasia (white arrows) were noticeable in disorganized (Fig. 2D ) and in normal areas (Fig. 2E) . Small cysts were also observed surrounding retinal vessels (Fig. 2D) . At 6 months, BN-J rats presented focal disappearance of the ONL containing photoreceptor cells in numerous areas that were spread across the entire retina (example in Fig. 2G ). Large intraretinal cysts (Fig. 2G ,H, asterisk) were specifically observed in BN-J animals compared with BN-H rats of the same age ( Fig. 2F ) , showing the progression of retinal degeneration.
Closer observation showed other abnormalities in the outer retina of 8-week-old BN-J rats such as focal loss of pigment in retinal pigment epithelial (RPE) cells (Fig. 3B , arrow) and pigment migration (Fig. 3C , arrows) compared with BN-H rats (Fig.  3A) . In the outer retina of 6-month-old BN-J rats, abnormal neovessels could be observed above RPE (Fig. 3E , inset and arrowhead).
TEM (Fig. 3 , bottom) observation confirmed the abrupt transition between normal and abnormal retinal areas (Fig. 3F , circled area). However, even in areas where photoreceptor structure was maintained, focal disruption of junction structures (appearing black in TEM) was identified at the OLM (Fig. 3 F , G, white arrows show loss of junctions, G,H, black arrows show maintained junctions). Swollen RMG processes were present between photoreceptor nuclei (Fig. 3I , arrowheads) and cysts ( Fig. 3J , asterisk) appeared surrounded by membrane-like structures (Fig. 3J) .
To determine at what age retinal abnormalities start, eyes from P1, P8, and P15 BN rats were examined. Although no difference could be observed in BN-J and BN-H retinas at P1 and P8 (Fig. 4 A , B, D, E) , at P15, sparse zones of irregular and/or without photoreceptor segment elongation were observed in BH-J rat retina (Fig. 4F , circled areas), suggesting RMG/photoreceptor interaction abnormalities (Rapaport et al., 2004) . BN-J rats raised in the dark from birth until 3 weeks exhibit similar retinal abnormalities as the rats raised in normal light-dark cycles (data not shown), suggesting that retinal degeneration is not light dependent.
Retinal neuron alterations in BN-J rat
Because the outer retina of BN-J rat is focally disorganized, we investigated photoreceptors (cones and rods), bipolar cells, and their synapses using specific immunohistochemistry staining. Cone photoreceptors were labeled in adult BN-H and BN-J rats using a cone arrestin antibody staining the entire cone cells, including outer segments and synaptic bodies ( Fig. 5A-D) . In BN-J rats, segments and axonal connections were completely absent in some areas of the outer plexiform layer (Fig. 5C ,D, asterisk). Some cone cells were displaced toward the INL (Fig. 5C ,D, arrow). Cell count on the entire retinal section showed a reduction of cones in BN-J rats compared with BN-H rats (Fig. 5E ). Immunostaining of rhodopsin exhibited disappearance of outer segments of rod photoreceptors in the focal disorganized areas of the BN-J retina (Fig. 5G, asterisk) , whereas the remaining outer segments (Fig. 5G , arrows) appeared shorter than those in the retina of BN-H rat (Fig. 5F ). The rhodopsin-positive surface in the BN-J Figure 2 . Retinal morphology of BN-H and BN-J rats at 8 weeks and 6 months. Compared with the normally developed retina of BN-H rat at 8 weeks (A), the retina of the BN-J rat shows focal disorganization of the outer retinal layers (B, dark circles), where segments are not formed and nuclei of photoreceptors dive toward the retinal pigment epithelium (RPE). In areas where segments are present, swollen RMG cells can be observed (B, black arrow). Cysts (asterisks) can be found in both the inner (C) and the outer (D) retina. Telangiectasia are also identified on histological sections (D, E, white arrow). At 6 months, the BN-H rat retina is unchanged (F ), whereas the retina of the BN-J rat shows variable degrees of degeneration. Photoreceptors have totally disappeared in some areas (G) and cysts are more abundant with irregular shapes (G, H, asterisks). GCL, Ganglion cell layer; IPL, inner plexiform layer; OPL, outer plexiform layer; IS/OS; inner and outer segments of photoreceptors. Scale bar, 20 m. rat was significantly reduced compared with the BN-H rat (Fig.  5H ), suggesting that rods may be more widely altered than primarily suspected.
PKC-␣ labels the bipolar cells. In BN-H rats, PKC-␣-expressing cells were located in the INL extending their processes to the innermost part of the inner plexiform layer (Fig. 5 I, J ) , whereas in some areas of the BN-J rat retina, the nuclei of bipolar cells were internally displaced by the nuclei of photoreceptors invading in the INL (Fig. 5 K, L, circled area) .
Synaptophysin immune labeling showed focal disruption of synapses in the outer plexiform layer of the BN-J retina ( Fig.  5O ,P) compared with intact synapses in the BN-H retina (Fig.  5 M, N ) .
Glial abnormalities in BN-J rat GFAP labels astrocytes and activated RMG cells. GFAP staining in BN-H rats was restricted, as expected, to RMG end feet and astrocytes (Fig. 6A) . In BN-J rats, enhanced GFAP fluorescence was observed in Müller end feet and in activated swollen RMG cells (Fig. 6B , filled arrows) extending up to the vascular processes, as demonstrated by the colabeling of GFAP with CD31 ( Fig. 6B and top inset, open arrow) . Some cysts appeared surrounded by GFAP labeling (Fig. 6B and bottom inset, asterisk) . On flat-mounted retinas of BN-J rats, RMG cells were highly activated because GFAP staining was spread all along their end feet and processes with hypertrophic apices at the OLM (Fig.  6F -H ) compared with BN-H retina ( Fig. 6C-E) . GS is also a Müller cell marker that labels from their end feet to their apical processes, as observed in BN-H rats (Fig. 6 I, K-M ) . In BN-J retinas, GS immunoreactivity was decreased in focal areas in between hypertrophic RMG cells (Fig. 6 J, N-P) . GS and CRALBP (another RMG marker) positive RMG cells were significantly reduced in BN-J rat compared with BN-H rat (Fig. 6Q,R) . Additional immunostaining experiments using the RMG nuclear marker p27kip1 confirmed the loss of RMG cells in BN-J rat retina (Fig. 7) .
Early retinal functional abnormalities in BN-J rat
To evaluate retinal functional changes in BN-J rats, ERG was performed as early as 3 weeks, when retinal focal abnormalities were already identified on histology. Overall ERG responses showed a significant reduction in b-wave amplitude and a trend, but not a significant reduction, in the a-wave amplitude, translating the postreceptoral disturbance of the visual signal particularly at the bipolar and RMG cells (Fig. 8 A, B) . Scotopic ERGs showed significant reduced a-and b-wave amplitudes even at low intensities (0.1 cd ⅐ s/m 2 ; Fig. 8C,D) , whereas no significant dif- 
Genetic analyses
In humans, mutations in the crb1 gene usually cause recessively inherited retinitis pigmentosa with preserved para-arteriolar RPE and Leber congenital amaurosis (congenital retinal blindness; den Holländer et al., (Fig. 9) . At the protein level, this change would translate into the replacement of amino acid residues 562 to 566 (NTSDG) with 3 new ones: TRW.
Residues 562 to 566 of CRB1 are identical in human and rat and are well conserved across vertebrates (the last three of which, SDG, being invariant from man to zebrafish; data not shown), indicating that this portion of the protein may be rather important for its function. Finally, as expected, we did not detect any DNA variation within the crb1 coding sequence in BN-H animals or in the karyotype of BN-J rats.
To ascertain whether this change in crb1 represented a true mutation responsible for the retinal phenotype of BN-J rats, we analyzed the cosegregation of the indel with the aberrant retinal phenotype over an extended set of animals that were the offspring of targeted mating. Crosses of pure parental strains (BN-H ϫ BN-J) resulted in an F1 composed of 18 phenotypically normal rats, as ascertained by retinal histology, which were verified to be heterozygous for the BN-J indel. Four F1 couples were then cross-bred, to produce an F2 composed of a total of 30 pups, which as adults were all phenotyped and genotyped by investigators who were reciprocally masked. Of these 30 animals, 24 had normal retinas and 6 presented with defects that were indistinguishable from those displayed by the parental BN-J strain. Genotyping showed that all specimens with abnormal retinas were homozygotes for the BN-J indel, whereas those with normal retinal morphology were either wild-type or heterozygotes (5 and 19 animals, respectively). Together, these results indicate that the crb1 indels detected in BN-J rats acts as a recessive allele to determine the observed retinal phenotype in homozygous animals, with an associated p-value Ͻ 2.5 ϫ 10 Ϫ7 (likelihood of phenotypes and genotypes cooccurring by chance; that is, the retinal BN-J phenotype not being associated with the detected indel mutation ϭ 0.25 6 ϫ 0.75 24 ).
Mislocalization of CRB1 protein in BN-J rat
We further studied CRB1 expression by immunofluorescence in adult BN-J and BN-H rats. In BN-H rat retina, CRB1 was observed particularly in the apical region above the OLM labeled by GS (Fig. 10A-C , left inset and arrows). CRB1 was colocalized with GS in the microvilli of RMG cells (Fig. 10C , arrowheads in the right inset). CRB1 was also diffusely distributed in the inner segments of photoreceptors ( Fig. 10 A, D) . Double staining of CRB1 and PNA showed colocalization in the inner segments of cone cells (Fig. 10F , arrowheads in the inset). In BN-J rat retina, CRB1 was still expressed in photoreceptor inner segments (Fig.  10G ,J-L, inset), but its localization in the subapical region was missing and CRB1 did not colocalize with GS ( Fig. 10G-I, inset) . The CRB1 phenotype of BN-J rats is therefore more pronounced in RMG cells and results in a mislocalization of the protein in the RMG/photoreceptor cell junction.
Transcriptome analysis and deregulated signaling pathways in BN-J RMG cells
To identify the molecular mechanisms linking CRB-1 to the BN-J retinal phenotype, we analyzed the differential transcriptome of primary RMG cells extracted at P17, a time when RMG cells have acquired polarization and differentiation markers (Wurm et al., 2006) , from BN-J, BN-H, and control wild-type Lewis rats. The results showed respectively 11808, 11358, and 11873 expressed genes (FPKM values Ն 2). Differential expression analyses were performed between the three strains. A total of 6021 differentially expressed genes resulted from the JL comparison (between BN-J and Lewis RMGs), 4517 differentially expressed genes from the JH comparison (between BN-J and BN-H RMGs), and 3253 differentially expressed genes from the HL comparison (between BN-H and Lewis RMGs) (Fig.  11) . The data showed an expression profile in BN-J RMG that is further away from the ones of BN-H or Lewis RMG than between these two last strains together. The common differentially expressed genes between both JL and JH are of importance because they may contain the "BN-J specific set of genes," the misregulation of which plays a predominant role in the early development of the pathological process (observed in the BN-J strain). The corresponding intersection contains a total of 3336 genes (corresponding to, respectively, 73% and 53% of the JH and JL differentially expressed genes). As expected, BN-J and BN-H are closer together than each of them separately with the Lewis strain. Moreover, the majority (73%) of the JH differentially expressed genes are also differentially expressed between the pathological BN-J and a further distant wild-type strain, such as the Lewis strain. The BN-J specific set of genes represent candidate genes potentially involved in the pathological development of BN-J rats. The results showed a significant reduction in crb1 expression in RMG cells (crb1 gene name referred as D3ZZL8_RAT) from BN-J and BN-H compared with the Lewis control (log2FC JL ϭ Ϫ3.76; log2FC HL ϭ Ϫ3,05) and a reduction in BN-J compared with BN-H (log2FC JH ϭ Ϫ0.72).
To decipher the essential functions of the RMG cells at this early stage, we performed a pathway enrichment analysis on the three studied strains (Table 1) . With the aim of distinguishing between the potentially pathological pathways and the strain-related ones, we conducted further pathway enrichment analyses on the JL, JH, and HL sets of genes (Table 2 ). In agreement with the previous results on gene-based distances between strains (number of misregulated genes for log2FC JLϾlog2FC JHϾlog2FC HLϾ0.6 or log2FC JLϽlog2FC JHϽlog2FC HLϽ0.6), we found 48, 28, and 10 enriched signaling pathways in JL, JH, and HL, respectively. After enriched pathways have been grouped by similar functions, we focused on the pathways that were enriched in both JL and JH sets of genes (i.e., the "BN-J specific set of genes"). Among those pathways, TGF-␤ signaling, matrix metalloproteinases, kit receptor signaling, type II interferon signaling, MAPK cascade, growth factor signaling pathways, inflammatory pathways, G-protein signaling pathways, regulation of actin cytoskeleton, cardiovascular signaling, calcium regulation in the cardiac cell, and EGFR1 signaling pathway were found.
In addition, we have compared our rat data with previously described classical Müller glial markers and Müller glial markers derived from the mouse transcriptome study of Roesch et al. (2008) and found that 64.7% (11 of 17) of those Müller glia markers are downregulated in BN-J compared with BN-H or Lewis rats, supporting the fact that the number of mature Müller glia is reduced in BN-J retina. The downregulated markers are Aqp4, Clu, Kir4.1/Kcnj10, S100a16, CRALBP-1/Rlbp1, GS/Glul, Dkk3, Spbc25/Spc25, GPR37, and Car2. 
Discussion
This report describes a recessively inherited retinal phenotype of a rat strain carrying abnormalities as observed in the human MacTel 2 disease: focal loss of retinal lamination, OLM disruptions, retinal cysts, RMG, photoreceptor and RPE alterations associated with retinal telangiectasia, and late-stage intraretinal neovascularization. It was found that this phenotype is caused by a new mutation in exon 6 of rat crb1. This model was then used to decipher the molecular pathways deregulated in RMG cells and thus provided a full spectrum of targets with which to study the pathogenesis of MacTel 2 and of other retinal diseases associated with telangiectasia.
A specific focus directed toward RMG cells in the histology of a MacTel 2 patient retina showed prominent loss of RMG cell markers in the central retina and RMG metabolic disorders (Powner et al., 2010) . The link between RMG cell depletion and retinal vessel telangiectasia was further highlighted by the group of Mark Gillies, who generated a transgenic mouse model with conditional RMG cell ablation by using a portion of the regulatory region of the retinaldehyde binding protein 1 gene. The selective killing of RMG cells in adult mice led to photoreceptor apoptosis, vascular telangiectasia, blood-retinal barrier breakdown, and late intraretinal neovascularization (Shen et al., 2012) . Interestingly, the retinal pathology of this animal model is very similar to the one displayed by the BN-J rat reported here, for which retinal abnormalities development coincides with RMG cell maturation in rats (Wurm et al., 2006) . In this context, the differential transcriptomic analysis of mature RMG cells from BN-J rats and two control strains (BN-H and Lewis) was performed. A restricted list of pathways was identified, most of which were found also in the whole retina transcriptomic analysis of the transgenic conditional mice model described above . These similarities support the hypothesis that early Müller glia dysregulation could induce the retinal vascular pathology observed in the BN-J rat, although it is still unclear whether a focal loss of RMG cells is required or if prior RMG dysfunction alone could induce retinal alterations observed in MacTel 2.
RMG cell processes surround retinal capillaries and the basement membrane of the perivascular Müller cells merge with the self-propagating vessels wall, demonstrating the very close interaction of RMG cells with the retinal vasculature. Conversely, RMG cells communicate with photoreceptor cells through adherens junctions and serve as sensors for any environmental changes. In the healthy retina, RMG cells contribute to control retinal angiogenesis through the production of the antiangiogenic PAI-1 factor (Abukawa et al., 2009 ) and meteorin, which, interestingly, also controls GFAP expression . Indirect evidence originating from in vitro studies suggest that RMG cells could also participate in the blood-retinal barrier through TGF-␤ and MMP9 expression (Behzadian et al., 2001 ), a pathway and a factor, respectively, that were identified in the transcriptomic differential analysis of the BN-J rat. RMG cells are therefore now viewed as a component of the neurovascular unit of the retina (Reichenbach and Bringmann, 2013) .
The genetic analysis of the BN-J rat showed that the retinal phenotype is transmitted as a Mendelian recessive trait, apparently in contrast to current knowledge on inheritance of human macular telangiectasia (Parmalee et al., 2012) . The disease allele is an indel mutation in exon-6 of the crb1 gene, a DNA change that has not been described previously in other crb1-related retinal degenerations in humans or in animal models. The recessive inheritance of the rat phenotype seems to suggest that the indel leads to some crb1 loss of function that is completely tolerated in heterozygotes. However, it is still unclear whether the mutation completely abrogates protein functionality or if it represents a hypomorphic allele that still allows some residual activity. The preservation of crb1 canonical reading frame, despite five seemingly important amino acids being replaced, is compatible with this latter hypothesis and may support the notion that the rat phenotype similar to the human MacTel 2 phenotype could be considered as a milder manifestation of more severe crb1-linked retinal degenerations. Despite RNA sequencing showing a significant reduction in crb1 (ENSRNOG00000010903) expression in RMG cells from BN-J and BN-H compared with the Lewis control, a reduction in BN-J compared with BN-H, the variant CRB1 protein remains present in the retina of BN-J rats. However, the CRB1 protein is mislocalized and loses its concentration in the subapical regions above the adherens junctions between RMG and photoreceptors of BN-J retina. Among proteins involved in the correct localization of CRB, the small GTPase Cdc42 that belongs to the Ras superfamily is of particular interest because it plays a major and unique role in epithelium permeability (Citalán-Madrid et al., 2013) ; retina-specific Cdc42-knock-down mice showed not only retinal degeneration but also important vascular abnormalities (Heynen et al., 2013) .
In contrast to phenotypes resulting from other crb1 mutations, the BN-J rat presents early retinal vascular leaky telangiectasia and late intraretinal neovascularization and this degeneration is not light dependent. These differences can result from different type of mutations or from different genetic setups displayed by different animal species. Interestingly, using exome sequencing analy- sis, crb1 defect was recently found to be associated with an unusual form of macular dystrophy, suggesting that some CRB1 dysfunction could be specifically expressed in the macula (Tsang et al., 2014) . CRB proteins interact with ␤-catenin, N-cadherin, and with the PAR3/PAR6/atypical PKC pathway and with PALS-1/MPP3/ MPP5, which belongs to the MAGUK proteins (Alves et al., 2014) . Complex interactions maintain this molecular scaffold and alterations of different partners may induce variable retinal phenotypes. For example, progressive retinal degeneration and vascular abnormalities have been recently described in a conditional knock-out mouse for MPP3 that is normally localized in apices of RMG and regulates the levels of PALS1 (Dudok et al., 2013) . This suggests that mutations in genes encoding different proteins interacting with CRB could induce retinal degeneration and vascular phenotypes. Interestingly, retinal vessel development was recently shown to be dynamically regulated by VEGF receptor endocytosis and the activity of cell polarity proteins, particularly PAR3/atypical PKC (Nakayama et al., 2013) . In addition, we recently found that the activity of atypical PKC-in the retina is deregulated early by hyperglycemia and contributes to OLM disruptions , which could be a link between increased susceptibility to MacTel 2 in diabetic patients (Clemons et al., 2013) . So far, attempts to find the gene(s) responsible for MacTel 2 by candidate-gene screening have been unsuccessful (Parmalee et al., 2010) . Whether CRB1 and/or other proteins associated with adherens junctions between cone photoreceptors and RMG cells in the macula are associated with MacTel 2 phenotype in humans should be evaluated.
The exact mechanisms linking CRB1 mislocalization to the BN-J retina phenotype are yet to be determined. To identify potential pathways, we studied the molecular imbalances of primary BN-J developing RMG cells mutated for crb1 using transcriptome analysis. Pathways such as TGF-␤ signaling, matrix metalloproteinases, kit receptor signaling, type II interferon signaling, MAPK cascade, growth factor signaling pathways, inflammatory pathways, G-protein signaling pathways, regulation of actin cytoskeleton, cardiovascular signaling, and EGFR1 signaling pathway were found to be deregulated in the rat model. Among these, known cellular process and pathways associated with MacTel 2 disease were found, such as (cardio)vasculogenesis, apoptosis, or oxidative stress. In addition, regulation of actin cytoskeleton and calcium regulation in the cardiac cell contained genes associated with adherens junctions, where CRB1 appears to be mislocalized in BN-J rat. Focal adhesion and integrin-mediated cell adhesion pathways regulating the blood-retinal barrier were also found to be affected in BN-J rats. TGF-␤ signaling and matrix metalloproteinases were strongly dysregulated. A direct correlation of TGF-␤ effects on MMP9 as a potential cause of the blood-retinal barrier breakdown was already hypothesized (Behzadian et al., 2001) . Small G-proteins (such as RAP1,which was identified in the transcriptomic differential analysis of BN-J rat) have also been reported to play a critical role in the stabilization of endothelial junctions (Wilson and Ye, 2014) . Several studies have also established the role of growth factors (in particular VEGF) and inflammation in the pathophysiology of the MacTel 2 disease. Moreover, different clinical trials with anti-VEGF compounds (Kovach and Rosenfeld, 2009; Charbel Issa et al., 2011; Narayanan et al., 2012 ) and a retrospective interventional case description on the positive effect of topical antiinflammatory agents on a phakic cystoid macular edema secondary to idiopathic macular telangiectasia have been reported (Dunn et al., 2013 ).
In conclusion, we have identified and characterized spontaneous retinal abnormalities in a strain of BN rats that are very close to other models of MacTel 2 created by depletion of RMG cells and strongly reminiscent of the human phenotype. We have identified the genetic mutation responsible for this phenotype in the rat crb1 gene and have studied the transcriptome of RMG cells from these animals, highlighting the involvement of numerous cellular pathways and potential regulatory targets. This rat model could be used to evaluate potential new therapeutic options for retinal telangiectasia.
